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Abstract

We employ a new form of photoemission microscopy to image magnetic domains with both element specificity and
surface sensitivity. Its contrast mechanisms are based on magneto-dichroic effects in photo-induced Auger electron emission.
The method is especially beneficial to the investigation of magnetic domains in multicomponent thin film structures. We
demonstrate the capabilities of this technique for the case of epitaxial Cr/Fe(100) thin film systems. The magnetic domain
structures of a monatomic Cr layer on Fe, a Cr wedge on Fe, and a wedge shaped Fe/Cr/Fe sandwich structure are
investigated for both elements. An antiferromagnetic alignment of the Cr monolayer to the Fe substrate is directly revealed
in the images. Exploiting the angular dependence of the magnetic dichroism, regions of bilinear and biquadratic exchange
coupling in the Fe /Cr/Fe sandwich are unequivocally identified.
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1. Introduction emphasis lying on an understanding of the physical
mechanisms which cause a certain magnetic behav-
ior. Their structure is purposely kept simple, such as
a bi- or trilayer, and only the necessary minimum of
different chemical species is involved. The main
interest in materials research and technology lies in
the optimization of one or several particular mag-
netic properties. This can often be achieved only by
building multilayers which contain alloys or com-
pounds, ie. a larger number of different chemical
elements. In parallel with the chemical complexity of

* Corresponding author. Fax: +49-345-5511-223, the system grows the need to characterize the mag-

Magnetic thin film systems continue to be of
growing interest in both storage device technology
and basic research [1,2]. They exhibit such fascinat-
ing effects as, for example, the oscillatory interlayer
exchange coupling in sandwich structures [3-5], or
the giant magnetoresistance in multilayers [6,7]. The
type of films investigated in basic research are usu-
ally selected well-defined model systems, with the
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netic contribution of the individual components. The
discovery of X-ray magnetic circular dichroism
(MCD) [8] marked an important step in the develop-
ment of suitable analytical procedures [9].

A major challenge in the investigation of such
layered systems is the elementally resolved imaging
of their magnetic microstructure. Several techniques
have been established for magnetic domain imaging,
for example, the Kerr microscopy [10,11], scanning
electron microscopy with spin polarization analysis
(SEMPA) [12], or Lorentz microscopy [13,14], to
name but a few. Each of these approaches has its
specific virtues and drawbacks. The spatial resolu-
tion in Kerr microscopy, for example, is diffraction-
limited due to wavelength of the light. This poses a
serious problem in the investigation of new genera-
tion storage media with lateral bit dimensions signif-
icantly smaller than one micrometer. Electron beam
based methods are more applicable in this case.
SEMPA, however, is a very surface sensitive ap-
proach, and thus not very well adapted to the analy-
sis of buried layers. Lorentz microscopy, finally,
requires particularly thinned samples, since the de-
flection of the electron beam due to the Lorentz
force occurs while the beam passes through the film.
Common to all the above techniques is their lack of
ability to separate the individual magnetic contribu-
tions of the various chemical components in complex
thin film systems. There is some very recent progress
in separating the magnetic signals from different
materials in a layered system by means of magneto-
optical Kerr spectroscopy [15]. Whether or not, how-
ever, this concept can also be exploited for magnetic
domain imaging purposes remains to be seen.

The recent observations of magnetic dichroism in
the photo-induced Auger electron yield and in the
emission characteristics of core-level photoelectrons
have opened up new possibilities for magnetic do-
main imaging. Applying circularly or linearly polar-
ized synchrotron radiation in the soft X-ray regime,
one observes distinct variations of the intensity of
the characteristic electrons with the spatial orienta-
tion of the magnetization. Various magneto-dichroic
effects have been reported up to now: Magnetic
circular dichroism (MCD) in the total electron yield
[16], MCD in Auger electron emission [17] (both
related to an optical excitation at the absorption
edges), magnetic circular dichroism in angular re-

solved core level photoemission (MCDAD) [18], and
magnetic linear dichroism in angular resolved core
level photoemission (MLDAD) [19,20]. It is impor-
tant to point out that the above magneto-dichroic
phenomena fall into two classes as a consequence of
their particular angular dependencies. The absolute
magnitude of a magnetic circular dichroism in total
or partial electron yield depends only on the angle
between the magnetization and the photon spin (or
equivalently, the photon wave vector). In contrast,
the sign and magnitude of a magnetic dichroism in
the angular distribution (MCDAD, MLDAD) varies
sensitively with the wave vector of the emitted elec-
tron, too. The latter effects can therefore only be
discerned with an appropriate angular resolution.
Although in principle both classes of magnetic
dichroism can be used for magnetic imaging pur-
poses, the difference in the angular dependencies
dictates the choice of an appropriate electron-optical
column and experimental geometry. In general, em-
ployed in conjunction with a spatially resolved anal-
ysis of the photocurrent, magnetic dichroism allows
an element specific imaging of magnetic domains. In
such a magnetically sensitive photoemission micro-
scope domains with a different magnetization show
up as regions of different brightness. Elemental se-
lectivity is attained by (i) optical excitation of the
electrons at the specific absorption edges and/or by
(i) registration of element characteristic electrons
such as Auger electrons or core level photoelectrons.

Two different attempts have been made in order
to exploit magneto-dichroic effects for magnetic do-
main imaging: (i) Photoemission microscopy per-
formed by an immersion lens photoemission micro-
scope (PEEM) as demonstrated by Stohr et al. [21]
and (ii) angular resolved spectro-microscopy em-
ploying an imaging electron spectrometer [17,22].
These two approaches involve different electron-
optical concepts, which limit the range of kinetic
energies of the electrons that form the image. A
photoemission microscopy based on the immersion
lens concept (PEEM) collects almost all electrons
emitted from the sample due to the strong accelera-
tion potentials. Because of this angular integration,
the magnetic contrast can only arise from MCD in
the total electron yield. The low transmission of the
instrument for high-energy electrons, however, fi-
nally results in an effective low-pass behavior. The




C.M. Schneider et al. / Journal of Magnetism and Magnetic Materials 162 (1996) 7-20 9

image is thus predominantly generated by the low-
energy secondary electrons. The electron-optics of a
spectro-microscopy experiment is constructed with
emphasis on the spectroscopy aspect, i.e. with a high
transmission over a wide range of kinetic energies.
Such an instrument is therefore specially adapted to
employ magneto-dichroic effects in the emission of
electrons at higher kinetic energy, i.e. Auger elec-
trons and core level photoelectrons, respectively. In
addition, only electrons emitted into a small solid
angle are used to form the image. The method is
therefore not limited to a contrast mechanism based
on the angle-integrating MCD, but can in principle
exploit MDAD effects as well [23]. A drawback of
the spectro-microscopy technique is its presently
rather moderate spatial resolution of ~1 pm,
whereas PEEM-type instruments routinely achieve
values well below 1 pm.

The selective use of Auger electrons and core
level photoelectrons in spectro-microscopy has two
main advantages in comparison to conventional pho-
toemission microscopy. First, one gains improved
element specificity as Auger electrons and core level
photoelectrons are practically background free.
Moreover, in the case of Auger emission the element
specificity of Auger electrons can be combined with
the element selectivity of the excitation process at
the absorption edges. Second, one gains sensitivity to
the near surface region due to the relatively small
escape depths of the Auger electrons and core level
photoelectrons, respectively. By selecting electrons
of different kinetic energy, the escape depth may
even be varied over a certain range. The surface
sensitivity is an essential prerequisite for studying
ultrathin magnetic film structures. Given its present
limits of the spatial resolution, the combination of
element and surface sensitivity is the essential merit
of spectro-microscopy. This is important in the in-
vestigation of ultrathin films where Kerr microscopy
is hampered by a poor signal-to-noise ratio.

In previous experiments, spectro-microscopy has
been applied to determine the magnetic domain pat-
terns at the surface of single-crystalline Fe samples
[17,22,23] and in layers of rare earth materials on Fe
[24]. The investigations were based on MCD in
Auger electron emission and core level photoemis-
sion. In the present work we demonstrate the poten-
tials of the technique with respect to the element

specific imaging of magnetic domains in complex
thin film structures by analyzing epitaxial Cr/Fe
thin film systems. We study in detail: (i) Cr mono-
layers (ML) on Fe(100), (ii) Cr wedges on Fe(100),
and (iil) Fe/Cr/Fe(100) sandwich structures with
the Cr interlayer being of either homogeneous thick-
ness or having a wedge shape. The investigations
exploited MCD in Auger electron emission at the
L, absorption edges, where the strongest magnetic
contrasts are observed.

2. Experimental details

The experiments were performed with a VG Es-
cascope described in detail elsewhere [25]. Briefly,
the Escascope is an imaging electron spectrometer
combining a hemispherical energy analyzer and an
electrostatic input lens system (Fig. 1). It can be used
either in a spectroscopic mode as a conventional
electron spectrometer, or in an imaging mode. With
our instrument, a spatial resolution of about 10 pm
has been achieved in the imaging mode. The resolu-
tion is mainly determined by the chromatic aberra-
tion of the purely electrostatic lens system. An im-
provement by a factor of 5-10 is expected with the
incorporation of magnetic lenses [26]. The Escascope
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Fig. 1. Schematic diagram of the imaging spectrometer (Escacope)
and the experimental geometry.
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was installed at the German storage ring BESSY at
the SX-700-3 monochromator [27], utilizing the el-
liptically polarized off-plane radiation. The degree of
circular polarization was about 80% at photon ener-
gies hv = 600-800 eV [27].

As templates for the epitaxial growth we used
Fe(100) whiskers, onto which Cr and Fe films were
deposited. The experiments were performed under
UHV conditions (base pressure 1 X 107! mbar).
The whiskers were cleaned by standard procedures
combining Ar* ion sputtering and annealing, which
yielded almost perfect surfaces with large atomically
flat terraces [28]. The Cr and Fe films were grown by
molecular beam epitaxy at a rate of about 1 ML /min.
During the film deposition the sample temperature
was held at about 250°C, where an almost perfect
layer-by-layer mode of film growth is established
[28-30]. These growth conditions were chosen in
order to make contact to previous investigations of
the magnetic coupling in the Fe/Cr system [5,28].
Recent results from Auger electron diffraction sug-
gest, however, that although the surface of the grow-
ing film stays smooth under these circumstances, the
Fe whisker/Cr interface may be subject to some
alloying process [31,32]. We will come back to this
aspect in the discussion of the results on the mag-
netism of our structures. The film thickness was
determined from the intensities of the Auger elec-
trons and the 2p core level photoelectrons and the
corresponding escape depths by assuming exponen-
tial attenuation laws [33]. The Cr films were de-
posited as homogeneous monolayers, or as shallow
wedges in order to have a continuous variation of the
film thickness. The wedges were prepared by a half

~—— —shadow technique with a shutter placed between the

evaporation source and the sample. In the imaging
experiments we took advantage of the regular mag-
netic domain structure of the whisker substrate.
Carefully annealed whiskers usually display in their
central part only two major domains of opposite
magnetization, The direction of the magnetization
points parallel and antiparallel to the whisker axis.
The two domains are therefore separated by a 180°
domain wall. This simple magnetic domain structure
serves as a reliable reference for the interpretation of
the magnetic images of the overlayers grown on Fe
whiskers.

The magnetic domain imaging was based on the

magnetic circular dichroism in Auger electron emis-
sion. The effect is closely connected to the well-
known magnetic circular dichroism (MCD) in pho-
toabsorption [8]. At the absorption edge the transition
probability (or equivalently, the absorption cross sec-
tion) for the photoexcitation of core electrons into
the unoccupied part of the density of states at the
Fermi energy depends on the light helicity. During
the photoexcitation process a core hole is created,
which in turn can decay by means of Auger transi-
tions. Assuming that the Auger process itself does
not show an intrinsic magneto-dichroic contribution,
the dichroism in the core electron transition probabil-
ity translates directly into a MCD in the Auger
electron yield. Since the high energy Auger electrons
are the starting point for a secondary electron cas-
cade, a similar magneto-dichroic signal appears in
the total electron yield which is dominated by low-
energy secondary electrons. For 3d transition metals
the strongest MCD effects are observed in the soft
X-ray region at the L, ; absorption edges. The angu-
lar dependence of the MCD signal A is simply
determined by the relative orientation of photon spin
o and sample magnetization M,

Axo-M. (1)

Since the photon spin of circularly polarized light is
either parallel or antiparallel to the photon wavevec-
tor g, we can use the angular variation in Eq. (1) to
easily determine the spatial direction of the magneti-
zation vector in each magnetic domain. On the one
hand, the highest absolute value of the magneto-di-
chroic signal in Auger emission is observed for
parallel or antiparallel alignment of the magnetiza-
tion vector with respect to the photon beam. On the
other hand, the magnetic dichroism disappears for a
magnetization vector orthogonal to the light beam.
The whisker was therefore mounted on a sample
holder which allowed an in-situ rotation about the
surface normal. The surface was slightly tilted with
respect to the beam, the angle between the photon
beam and the whisker surface usually being set to
25°. The emitted electrons were analyzed with the
Escascope mounted perpendicular to the photon beam
and the storage ring plane (Fig. 1). In most of the
experimental runs we used right circularly polarized
radiation. The energy of the radiation was tuned to
the L, 5 absorption edges of Fe (720 and 705 eV)
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and Cr (585 and 577 eV), respectively. Simultane-
ously, the 648 and 529 eV Auger electrons of Fe and
Cr, respectively, were registered by the Escascope
with an energy resolution of about 2 eV.

Prior to the domain imaging, we first used the
instrument in the small spot spectrometer mode in
order to find the optimum MCD conditions. The
spectroscopic information in this mode stems from a
surface area about 100 wm in diameter, and thus
permits the determination of the magneto-dichroic
signal from a region within a single ferromagnetic
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Fig. 2. Magnetic imaging of Fe(100) whiskers using MCD effects
in the emission of Fe Auger electrons. (a) Intensity I}y of the
LMV iron Auger electrons (Ey, = 648 eV) measured at the L, ,
absorption edge with right circularly polarized light for sample
magnetization parallel (—) and antiparallel (——) to the photon
spin. (b) Corresponding intensity asymmetry A versus photon
energy, calculated using Eq. (2). (c) Magnetic domain pattern of a
clean Fe(100) whisker surface. The spatial distribution of the
peak-to-peak asymmetry is used to generate the contrast.

domain. The result of this experiment is shown in
Fig. 2(a) for the clean Fe whisker substrate, display-
ing two constant final state spectra 77" and 17! of
the 648 eV Fe Auger electrons. They were measured
sequentially from the two oppositely magnetized do-
mains in the central part of the whisker, and reflect
the MCD signal for the domain magnetization ori-
ented parallel (1 1) and antiparallel (1)) to the
photon wavevector (Fig. 2a). The magneto-dichroic
signal is quantified by the so-called asymmetry func-
tion A(E), which is the normalized difference of
both measurements

]TT(E)_[Tl(E)
I"YW(E)+I"*(E)

A(E) = (2)

The asymmetry function reveals two extrema of the
MCD signal at the L, and L, absorption edge of
about 15% being opposite in sign (Fig. 2b).

For the purpose of domain imaging this particular
spectral dependence of the magneto-dichroic asym-
metry turns out to be very useful. Based on Eq. (2),
an image which contains only magnetic information
can be formed in the following way. In a first step,
two Auger electron images L(x,y) and I(x,y) are
taken at the L, and L, absorption edges. Then the
spatial distribution of the magneto-dichroic asymme-
try A(x,y), and thus the magnetic image, is calcu-
lated as

L(x,y) —L(xy)
L(x.y) +L(x,y) .

(3)

A(x,y) =

This procedure has two advantages. First, an en-
hancement of the magnetic contrast is obtained as
the opposite sign of the MCD signal at the L,
edges leads to a summing up of the absolute values
in the intensity asymmetry. Thus the contrast is
determined by the full peak-to-peak value of the
asymmetry (for Fe almost 30%). Second, other forms
of contrast (for example, the topography contrast or
the chemical contrast) are eliminated thus facilitating
the identification of the magnetic structures. For the
Fe whisker this procedure yields a clear bright/dark
contrast of the magnetic domains, from which we
can easily identify the corresponding directions of
the magnetization (Fig. 2c¢).
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3. Results and discussion
3.1. Cr/ Fe(100) thin film structures

According to the literature [34-38] Cr films on
Fe(100) show topological antiferromagnetism con-
sisting of individual atomic layers of ferromagnetic
Cr, anti-aligned to adjacent ferromagnetic Cr layers
(layered antiferromagnetism). For a ML thick Cr
film an antiferromagnetic coupling to the Fe(100)
substrate is generally reported.

In Fig. 3(c) we show a magnetic image of a single
chromium monolayer grown on the Fe whisker. The
noise level in the image is rather high, and is mainly
limited by the counting statistics associated with the
relatively low intensity of Auger electrons coming
from such a thin film. Nevertheless, a magnetic
contrast is perceivable. We find the startling result
that the contrast is inverted in comparison to the
image of the magnetic domains of the clean whisker
substrate (Fig. 3b). This becomes more evident when
inspecting the behavior in the magneto-dichroic
asymmetry in a line scan perpendicular to the do-
main wall (insets of Fig. 3b,c). The curves represent
an average over several vertical line scans taken

—l— 1MLCr

" Fe Whisker

Fig. 3. Magnetic image of 1 ML Cr on Fe(100). (a) Cross section
of the film system. (b) Magnetic image of the clean Fe(100)
whisker substrate. {c) Magnetic image of the Cr layer obtained
with Cr LMV Auger electrons (E,, = 529 eV). Insets: Vertical
line scans showing the magnitude of the contrast between the two
domains with opposite direction of magnetization.

along the length of the whisker. For the same part of
the whisker, the magneto-dichroic signal for
chromium has the opposite sign than that for iron.
The contrast inversion clearly indicates an antiferro-
magnetic coupling of the chromium monolayer to the
Fe substrate. The asymmetry is relatively low (about
3% peak-to-peak in comparison to the 30% peak-to-
peak value of the pure Fe whisker). Idzerda et al.
[38] found asymmetry values being greater by almost
a factor 3. They studied two-dimensional Cr islands
(equivalent of 0.25 ML of Cr layer) by means of
MCD in photoabsorption. However, it must be noted
that these films were grown at room temperature.

Two mechanisms may be held responsible for the
small magneto-dichroic asymmetry observed in our
experiment: (i) surface roughness, and (ii) interfacial
roughness. In order to see how this will affect the
MCD signal, let us first discuss the influence of
surface roughness. It is conceivable that our Cr films
were not grown in a perfect layer-by-layer mode and
displayed already Cr islands in the second layer
level. Such a topology would drastically reduce the
asymmetry if an antiferromagnetic coupling between
neighboring monatomic layers is established within
the Cr film. For thicker Cr films a layerwise antifer-
romagnetic coupling is generally accepted. There is,
however, a controversy for ultrathin Cr films. On the
one hand, an ideal antiferromagnetic coupling be-
tween monatomic Cr layers is presupposed from the
very initial stage of the Cr film growth on [35-39].
On the other hand, a magnetic stacking fault has
been proposed with the second Cr layer coupling
ferromagnetically to the first one [34,36,40]. How-
ever, for the latter type of coupling the actual sample
topography would have much less influence on the
total magnetization and we would observe asymme-
try values comparable to that of Izerda et al. [38].
Thus, our results may be more consistent with a
magnetic structure based on the ideal antiferromag-
netic coupling modet for the first few monatomic Cr
layers.

We now turn to the question of interfacial rough-
ness. Some theoretical work by Stoeffler and Gau-
thier [41,42] for non-ideal Fe /Cr interfaces shows a
tremendous influence of the interface on the mag-
netism in the Cr layer. In particular, a chemical
intermixing of Fe and Cr at the interface was pre-
dicted to change the magnetic moment of the Cr
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atoms depending on their local environment [41]. A
Cr atom incorporated within the Fe surface (forming
the Fe side of the Fe/Cr interface) approximately
keeps its magnetic moment and couples antiparallel
to the surrounding Fe moments. On the Cr side of
the Fe /Cr interface, Cr atoms which are close to this
defect have a significantly reduced magnetic mo-
ment. In other words, a ‘chemical roughening’ of the
interface which may be caused by atomic exchange
processes between the Fe and Cr interfacial layers
will diminish the Cr net magnetic moment (‘mag-
netic frustration’) and thus the Cr MCD signal. There
is some evidence from recent Auger electron diffrac-
tion studies that such atomic exchange processes at
the Fe/Cr interface do indeed take place at higher
growth temperatures [31,32]. At a substrate tempera-
ture of about 250°C, as used in the present experi-
ments, about one third of the Cr atoms at the Fe /Cr
interface is found on sites within the first iron layer.
Assuming the same situation to hold for our samples
and taking into account the above arguments by
Stoeffler and Gauthier, we thus arrive at an alterna-
tive interpretation of our experimental finding: the
average magnetic moment in the Cr monolayer is
reduced by a certain amount of interfacial alloying
between iron and chromium. This still leads to an
antiferromagnetic coupling between the Cr mono-
layer and the Fe substrate but results in a signifi-
cantly smaller MCD signal than can be expected
from a Cr monolayer with a nearly perfect Fe/Cr
interface. On the basis of the monolayer results alone
it is difficult to decide whether the surface or the
interface plays the dominant role in our case. How-
ever, considering the results found for thicker Cr
films and Fe/Cr/Fe trilayers, we tentatively at-
tribute the small MCD signal of the Cr monolayer to
the interfacial alloying rather than to the surface
roughness. :

In order to study thicker Cr layers we prepared
the films in a wedge geometry by means of the
half-shadow technique (Fig. 4a). The thickness gra-
dient of the wedges was characterized by a mapping
technique using the ratio of the intensities of the Cr
and the Fe Auger electrons. For this purpose two Cr
images and two Fe images were taken at the corre-
sponding L, absorption edges. Then the sum of
both Cr images was divided by the sum of both Fe
images. In this way the magnetic contrast is elimi-

a)
Cr source
shutter
Fe whisker
inclined
Cr wedge b)

thickness
gradient

Fe whisker

Fig. 4. Preparation of a Cr wedge on Fe(100). (a) Principle of the
half-shadow evaporation geometry. (b) Schematic representation
of the wedge geometry after chromium deposition. Note the
inclination of the thickness gradient with respect to the Fe whisker
edge.

nated and the resulting image showed a chemical
contrast corresponding to the Cr/Fe ratio of the
Auger electrons. These mapping technique revealed
that the wedges were slightly tilted with respect to
the whisker axis due to the deposition geometry.
Thus regions of constant thickness are inclined by
about 70° relative to the whisker main axis (Fig. 4b).
This must be taken into account when interpreting
the domain patterns.

The results of the magnetic imaging from a
chromium wedge ranging from 3 to 6 ML are shown
in Fig. 5. In contrast to the situation in Fig. 3(c), we
cannot perceive any magnetic contrast above the
statistical noise in the Cr image (Fig. 5b). Even
taking into account a moment reduction because of
the interfacial alloying, this result is a further indica-
tion of the topological antiferromagnetic structure in
the chromium layer. Averaged over the thickness of
the film the magnetic signal from an individual
atomic Cr layer is drastically reduced by the signal
of opposite sign from the neighboring layers. The
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6 ML

ML

i Cr wedge
a)
i Fe whisker
b)
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200 um

Fig. 5. Magnetic coupling of a Cr wedge on Fe(100). (a) Schematic
diagram of the structure. (b) Magnetic image of the Cr wedge. (c)
Magnetic image of the Fe whisker seen through the Cr wedge, (d)
Magnetic image of the clean Fe whisker surface for comparison.

remaining magnetic signal has obviously dropped
below the 1% value of the peak-to-peak asymmetry,
which we estimate to be the present sensitivity limit
of our method (cf. Fig. 3b). We note that again the
data do not support any evidence for a magnetic
stacking fault in the second layer. In this case one
may expect a small, but sizable domain contrast
around 3 ML, which should disappear with a certain
gradient towards higher coverages. These findings
suggest that the mixed Fe /Cr interface does not only
reduce the magnetic moment in the Cr layer, but also
effectively suppresses the formation of the magnetic
stacking fault found at Cr coverages of 2 ML in
room temperature grown films [34,36,40].

Fig. 5(c) shows the image of the Fe whisker
obtained with Fe Auger electrons, which have passed
through the chromium overlayer wedge. In other
words, we are looking through the Cr film onto the
Fe substrate. We observe the same magnetic domain

pattern as on the clean whisker surface. As one
might expect, the magnetic structure in the iron
remains unaffected by the Cr overlayer, because it is
essentially stabilized by the underlying bulk material.
Furthermore, the magnetic contrast in the Fe signal
does not vary with the Cr wedge thickness, This is
the benefit of the asymmetry formation, which sepa-
rates the magnetic information and reduces other
types of contrast as in the present case the chemical
contrast. Note, however, that there is more noise in
image 4(c) than in that from the clean whisker
surface (Fig. 4d). This noise appears due to the
counting statistics and is related to the comparably
lower intensity of Fe Auger electrons, The attenua-
tion of the iron signal in the chromium film can in
principle be counteracted by increasing the acquisi-
tion time for the iron images. This will be necessary,
of course, if more complicated domain patterns are
investigated.

In addition to the counting statistics, there is an
intrinsic effect that leads to a degradation of the
image quality. Comparing the magnitude of the mag-
netic contrast, i.e. the intensity asymmetry, with that
of the clean whisker (Fig. 5c,d) we find a distinct
contrast reduction for the Cr covered Fe whisker. In
the latter case the vertical line scans reveal a peak-to
peak asymmetry of only about 20% in comparison to
the value of 30% peak-to-peak found in the clean
whisker. One might be tempted to attribute this
behavior to a reduction of the iron magnetization or
even the iron magnetic moment in the presence of
the Cr film. If a reduced magnetic signal is obtained
with a spatially averaging spectroscopy technique, in
which the sample is usually measured in remanence,
the origin of a reduced magnetic signal cannot be
unambiguously identified. On the one hand, the re-
manent magnetization along a given spatial direction
can always be reduced by the formation of domains.
On the other hand, a reduction of the magnetic
moment would also lead to a smaller magnetic sig-
nal. In the above case of the iron whisker we know
from Fig. 5(c), however, that the domain pattern
remains unchanged upon chromium deposition. This
could point towards a reduced magnetic moment in
iron as a possible source of a smaller magnetic
dichroism. As discussed in the following, such an
interpretation is not necessarily straightforward.

Theoretical investigations predict a clear proxim-
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ity effect on the Fe magnetic moment at the Fe/Cr
interface [43-46], with the moment reduction itself
being of the order of 12-20% as compared to the
bulk value of 2.2 ug. For the open (001) surface of
iron, some 10% enhancement of the surface mag-
netic moment must be expected. The change of the
magnetic moment from a clean Fe surface to the
Fe/Cr interface may thus actually be higher. Be-
cause of the attenuation of the Fe Auger electrons in
the chromium overlayer, the highest contribution to
the Fe signal in our experiment comes from the
Fe /Cr interfacial region. Taking into account some
additional contributions from the adjacent layers,
which have essentially the Fe bulk magnetic mo-
ment, the corresponding average reduction of the
magneto-dichroic asymmetry can be estimated to be
certainly less than 10%. This estimate does not yet
include possible effects due to the Fe/Cr intermix-
ing at the interface. According to the work of Stoef-
fler and Gauthier, the magnetic moment of an Fe
atom within the Cr interfacial layer is significantly
reduced from the bulk value of 2.2 pp to about 1.6
wg [41]. Assuming for simplicity that the magneto-
dichroic signal scales linearly with the magnetic
moment, such a moment reduction would bring down
the MCD peak-to-peak asymmetry by ~25% as
compared to the clean Fe surface. This comes close
to the 30% change observed in the experiment.
However, we cannot neglects the fact that a signifi-
cant contribution to the MCD signal comes from Fe
atoms within the substrate which should have mag-
netic moments more or less close to the bulk value.
Assuming a reduced magnetic moment of the Fe
atoms at the interface is therefore not sufficient to
explain the magnitude of the Fe MCD signal. There
must be still another mechanism at play.

In order to gain some more information about the
origin of the MCD signal, we must examine the
particular spectroscopic conditions which apply to
the experiment. At the photon energies required for
the Fe L, 5 absorption (705 and 720 eV) also photoe-
mission from the shallow core levels (3s, 3p) from
chromium takes place. The kinetic energy of the Cr
3p photoelectrons exceeds that of the Fe Auger
electrons analyzed in the experiment. Consequently,
we have a certain background of secondary electrons
originating from the Cr 3p transition. These electrons
do not carry a magneto-dichroic signal, but con-

tribute to the intensity in both images, and thus tend
to reduce the intensity asymmetry, hence the image
contrast. In addition, at a photon energy of 720 eV,
the Cr 3s photoemission may partially overlap with
the Fe 648 eV Auger electron emission. Again, the
Cr 3s contribution does not contain magneto-dichroic
information, but will reduce the magnitude of the
intensity asymmetry. Because of this complicated
situation, it is difficult to estimate the overall effect
of the Cr photoemission on the magneto-dichroic
asymmetry of iron. Further detailed spectroscopic
analyses are needed in this case. For the purpose of
illustration we may at least estimate the amount of
‘non-dichroic’ background due to the photoemission
from chromium, which is required to reduce the
intensity asymmetry of the clean surface to a certain
value. In order to explain the above reduction by
~ 30%, one third of the total intensity would have to
be Cr-related secondary electrons. In this case, how-
ever, one should expect to find a pronounced gradi-
ent in the domain contrast of Fig. 4(c), when going
from 3 to 6 ML chromium coverage. Such a gradient
does not show up in the domain image, indicating
that the influence of the Cr-induced background is
clearly overestimated in the above example. Taken
by itself it cannot explain the observed reduction of
the magneto-dichroic signal.

Combining the arguments given above, however,
we therefore arrive at the following interpretation.
Our experimental finding is compatible with a reduc-
tion of the iron magnetic moments at the interface, in
accordance with theoretical predictions [41,43,44].
At present, the data do not allow, however, any
quantitative determination of the moment reduction.
Whether the large reduction of the magneto-dichroic
signal may be possibly related to an iron magnetic
moment even smaller than predicted by theory, or
should to some extend be attributed to a chromium-
related background, must be left to future investiga-
tions. For this purpose, Fe /Cr systems with different
interface morphologies must be studied. Since the
interfacial alloying taking place at higher substrate
temperatures significantly changes the number of
iron and chromium atoms which are in mutual con-
tact, the distribution of Fe and Cr magnetic moments
at a sharp interface (which should be obtained with
the substrate held at or below room temperature)
may be quite different [36].
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3.2. Fe /Cr/ Fe sandwich structures

Fe /Cr/Fe sandwiches have been one of the first
systems, in which an oscillatory interlayer coupling
has been observed [3-5]. With increasing thickness
of the Cr interlayer the magnetic coupling between
the Fe top layer and the Fe substrate alternates
between a ferromagnetic (magnetization vectors in
film and substrate parallel) and antiferromagnetic

- _ (magnetization vectors in film and substrate anti-

parallel) state. This behavior is often termed as
bilinear exchange coupling. In addition, a so-called
biquadratic contribution to the exchange coupling is
found under particular circumstances [47,48]. Its in-
fluence is responsible for a magnetic state of the
system in which the magnetization vectors of over-
layer and substrate are oriented perpendicular to each
other. This state is often referred to as 90° coupling.

We have studied the domain patterns associated
with these coupling phenomena for Cr interlayer

— thicknesses of 0-6 ML where both types of coupling

may be found. The chromium interlayer was again
grown as a wedge. Since we were mainly interested
in the domain pattern of the iron top layer, its
thickness was chosen to be about 15 ML. This
coverage was high enough to suppress any contribu-
tions from the Fe substrate. For the interpretation of
the image the reader should keep in mind that lines
of constant Cr interlayer thickness are inclined with
respect to the whisker axis because of the evapora-
tion geometry. At interlayer thicknesses of 0-4.5
ML we consistently observe the same contrast and
domain pattern as for the clean Fe whisker (compare
Fig. 5b,c), which indicates that the Fe film is ferro-
magnetically coupled to the Fe whisker. At chromium
interlayer thicknesses of 5-5.5 ML the contrast is
reversed, which indicates that the Fe film is antifer-
romagnetically coupled to the substrate. At Cr inter-
layer thicknesses of 4.5-5 ML and around 6 ML,

will vanish under these conditions. We can therefore
generate a contrast in the regions of 90° coupling
simply by rotating the sample by an angle of 90°.
This brings their magnetization vectors parallel or
antiparalle] to the photon wave vector and then clear
contrasts emerge (Fig. 5d). At the same time the
contrast in the ferromagnetically and antiferromag-
netically coupled areas must vanish for this geome-
try. This explains the origin of the regions with a
null contrast in Fig. 5(d). By combining the two
images in Fig. 5(c,d), we can easily reconstruct the
complex magnetic domain pattern of the coupled Fe
film in a schematic diagram, which contains both the
spatial distribution and orientation of the magnetiza-
tion (Fig. 5e).

Our results essentially confirm the findings of
Unguris et al. [5]. When comparing our images to
theirs, however, the different thickness gradient must
be taken into account. Whereas in the NIST samples
the Cr interlayer thickness varies by 0.1 ML/um,
our samples have been grown with a gradient of
5% 107> ML/pm. Within a comparable field of
view, we therefore observe only a small number of
periods of the oscillatory coupling and the regions of
biquadratic coupling appear rather wide. Expressed
in absolute numbers, however, the biquadratic cou-
pling in our films extends laterally over a distance of
~ 120 um. From Fig. 5(2) and (c) in Ref. [5], we
estimate the stripes of biquadratic coupling to be
about 8 pm wide. Scaled with our thickness gradient
this amounts to a value of ~ 180 wm, which must
be compared to our results. From this comparison
follows that in our samples the regions of biquadratic
coupling in the same range of Cr interlayer thickness
are about one-third narrower than those in Ref, [5].
This appears to be the only significant difference in
the results. At Cr interlayer thicknesses above 6 ML
there is another transition from the biquadratic to
antiferromagnetic coupling, as can be deduced from

however, we do not observe a sizable contrast apart
from the statistical noise around the intermediate
gray level. This may suggest, among other possible
mechanisms, that in these regions the Fe top layer
obeys a 90° coupling. Given the particular geometry

of the experiment, the magnetization vector of the
top layer would be perpendicular to the light beam in
this case. According to Eq. (1) the magneto-dichroic
signal and consequently also the magnetic contrast

the dark contrast in the right-hand corner of Fig.
6(c). If a ferromagnetic coupling were present at this
point we should expect a bright contrast. One is
therefore led to the conclusion that the coupling in
the region of small interlayer spacing is predomi-
nantly of antiferromagnetic character (determined by
the long period oscillation), and the short period
oscillation in the interlayer exchange coupling shows
up only by the formation of regions with biquadratic
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Fig. 6. Magnetic coupling in a wedge shaped Fe/Cr/Fe(100)
sandwich system. (a) Cross section of the film system. (b) Image
of the Fe whisker substrate prior to the Cr deposition taken with
photon spin along the Fe whisker main axis. (c,d) Images of the
magnetic domains in the top Fe layer taken with photon spin
along {c) and perpendicular (d) to the main whisker axis. ()
Schematic diagram of the main magnetic domains in the top Fe
layer.

coupling. This result fully confirms the findings
reported by Unguris et al. [5] and Heinrich et al. [28].

At first glance, the domain pattern in the Fe
overlayer, particularly in the regions of the 90° cou-
pling, seems energetically unfavorable. A configura-
tion in which two oppositely magnetized domains

are facing each other will create a large stray field
energy. Apart from a simple minimization principle
of the magnetic stray field, however, two other
mechanisms have to be taken into account in this
sandwich system. First, the domain pattern is mainly
determined by the interlayer coupling, and thus not
directly comparable to that of a simple surface or a
thin film. The magnetic stray field energy may well
be overcompensated by the energy gained by the
magnetic coupling. In applying the stray field argu-
ment for the interpretation of the domain pattern
therefore the entire system has to be considered.
Second, a close inspection of the domain patterns in
Fig. 5(c,d) reveals that the domains are bounded by
curved rather than straight lines (as drawn for rea-
sons of simplicity in Fig. Se). In addition, in a
superposition of Fig. 5(c,d) the domain boundaries
appear ‘decorated’ by small regions which do not
exhibit a sizable contrast in any of the two directions
of light incidence. Recalling that our spatial resolu-
tion is of the order of 10 wm, we attribute this
behavior to the formation of microdomains with an
average size of less than 10 pm. Since we cannot
resolve these microdomains in the imaging process,
we see only the average over the four possible
magnetization directions, being close to a null effect.
The formation of microdomains and associated flux
closure structures at the domain boundaries and at
the whisker edge can effectively reduce the magnetic
stray field energy. Clearly, an access to these inter-
esting phenomena requires an improved spatial reso-
lution.

Various approaches have been used to describe
the coupling from the viewpoint of theory. There are
basically two main concepts: (i) total energy schemes
including ab initio calculations [49,50], tight-binding
calculations [41,51-54] or quantum well approaches
[55-59], and (ii) perturbation models, which are
based on theories of the Ruderman—Kittel-Kasuya—
Yosida (RKKY) type [60,61]. In addition, significant
attempts have been made to develop a unified non-
perturbative theory [62-64]. Encouraging results have
been obtained in explaining the origin of the ferro-
magnetic and antiferromagnetic coupling. The origin
of the 90° coupling, however, is still a matter of
debate. Various models have been proposed, includ-
ing an intrinsic origin [56,62-69], loose spins [69],
and dipole interactions [70]. In addition, the 90°



coupling has been suggested to arise from structural
imperfections such as growth roughness [70,71], pin
holes [72], and diffuse interfaces due to interdiffu-
sion [70]. Such film imperfections, of course, cannot
be completely excluded during film growth. In most
cases, one is forced to accept a compromise. Prepar-
ing the films at low temperature may suppress inter-
diffusion but may cause a higher degree of structural
disorder and surface /interface roughness. Growing
the films at higher temperatures as in our experi-
ments may lead to a perfect layer-by-layer mode of
film growth with increased structural perfection, but
may at the same time promote interdiffusion or
interface alloying. In the present case of the
Fe /Cr/Fe sandwiches grown at high substrate tem-
perature, the available results on the magnetism in
this system indicate a pronounced effect of the inter-
face on the behavior of the interlayer coupling
[31,32], and may point towards interface alloying as
a possible origin of the biquadratic coupling. We
wish to recall that interdiffusion effects play a partic-
ularly important role at low film thicknesses or at the
very beginning of film deposition, respectively, be-
cause they proceed much faster in ultrathin films
than in the bulk due to the diffusion size effect [73].
It would therefore be interesting to investigate the
annealing behavior of Cr films on Fe grown at room
temperature, in order to see whether sharper Fe/Cr
interfaces and a reasonably flat Cr surface can be

obtained simultaneously that way. In addition, a

certain degree of surface or interface roughness re-

mains even for a perfect layer-by-layer growth, as

the growth proceeds in an oscillating manner via the

repeated nucleation and coalescence of two-dimen-

“sional islands. Thus further experimental and theoret-
ical efforts are required for a complete understanding
of the magnetism in sandwich structures. In particu-
lar, the correlations of the magnetic coupling to the
structural properties of the interfaces must be exam-
ined in more detail.

4. Summary and outlook

Magnetic spectro-microscopy based on magneto-
dichroic effects in photoelectron and Auger electron
emission opens up new possibilities in the investiga-
tion of the magnetism in multicomponent thin film

18 C.M. Schneider er al. / Journal of Magnetism and Magnetic Materials 162 (1996) 7-20

systems. It enables the imaging of magnetic domains
with element specificity and surface sensitivity. Ex-
ploiting magnetic circular dichroism in Auger elec-
tron emission we have demonstrated the potentials of
this technique by analyzing Cr/Fe thin film systems.
The individual domain structures of the Cr and Fe
components could be imaged separately even for
single monolayer coverages.

Up to now the present approach has two major
limitations. First, the spatial resolution of the avail-
able spectro-microscopy instruments is relatively
poor (10 pm in the case of our instrument, and 1-2
wm in the improved version). Second, the acquisi-
tion time is comparably long (almost 1 h for a
magnetic image in the case of our experiments on Cr
monolayers). These limitations, however, will soon
be surpassed by the development of suitable elec-
tron-optical imaging systems. In particular PEEM-
type instruments have a great potential for improve-
ment in this respect and instruments which routinely
achieve a sub-micron lateral resolution will soon be
seen in operation [74] The acquisition time can be
significantly cut down by using the access to dedi-
cated beamlines at high-brilliance synchrotron radia-
tion sources of the next generation which are cur-
rently becoming available.

In future applications, not only magnetic circular
dichroism in Auger electron emission may be uti-
lized, but also the various types of magneto-dichroic
effects in the emission of core level photoelectrons
[18,23], which are also highly element specific. The
main advantage of using core level photoelectrons
will be the exploitation of magneto-dichroic effects
observed with linearly polarized synchrotron radia-
tion [19,20]. Linearly polarized synchrotron radiation
with high brilliance is currently more easily avail-
able. Such magneto-dichroic effects are in principle
observable also with unpolarized radiation generated
in conventional laboratory X-ray tubes [75]. Because
of reasons of brilliance, however, exploitation of the
unpolarized magnetic dichroism with laboratory
sources will probably be limited to spectroscopy
applications. Electron emission microscopies on the
basis of magneto-dichroic phenomena with circularly
and linearly polarized light offer a unique access to
the magnetism in complex thin films systems, and
will soon play an important role in their magnetic
characterization.
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